Ab initio molecular orbital calculations on the interaction between Copper(I) and 5-nitrotetrazolate anion were done using different basis sets, at the HF, B3LYP and MP2 levels of theory. Three minima were found to 1A, 1B and IC structures of Cu(I)-5-NTz complex. At the B3LYP/LanL2DZ level, the energy difference between 1A and 1B was computed to be 8.18 kcal/mol, while that between 1A and 1C is 22.76 kcal/mol. The presence of both Cu-N and Cu-O interactions is revealed in 1A structure using both natural bond orbital and atoms-in-molecules analyses, which makes more stable than those of 1B and 1C complexes. The binding energy corrected for both ZPE and BSSE for 1A is found to be -150.59 kcal/mol at the B3LYP/LanL2DZ level. The barrier for the 1B → 1A and 1C → 1B conversion is calculated to be 7.80 kcal/mol and 9.40 kcal/mol, respectively.
INtroduCtIoN
Recently, a great deal of interest to generate environmentally less toxic explosives in the energetic materials community. In particular, green primary explosives has been paid to attention in the replacement of lead azide [1] [2] [3] . Primary explosives are easily detonated by a physical or electrical stimulus, where these materials has an important in applications in both the military and civilian field. The most common of these materials are heavy metal salts such as lead azide and lead styphnate. It has been known for a long time that the harmful effects of lead to the environment 4 . Hence, the synthesis and characterisation of lead-free primary explosives has an important focus among the current energetic materials research. In the literature, the formation of non-toxic metal complexes containing copper or iron or nickel had been reported instead of toxic heavy lead metal [1] [2] 5 . It has only been until recent times that metal salts with tetrazole and tetrazolate ligands have been studied as prospective primary explosives [1] [2] 6 . Tetrazoles 7, 8 and tetrazolates [9] [10] based compounds are known to be promising with suitable properties such as high density, a positive heat of formation, and a high nitrogen content, these would be suitable candidates as coordinate ligands for the development of new green primary coordination complexes with high explosive performance. Copper tetrazole complexes are suitable materials for the development of new primary explosives 1, 6, [11] [12] [13] [14] . Huynh 1 , et al. reported metal (iron or copper) complexes of the 5-nitrotetrazolate anion as potential replacements of leadbased primary explosives. Fronabarger 13, 14 , et al. had published Copper(I) 5-nitrotetrazolate (DBX-1) complex as one of the potential candidate for green primary explosive. Using UV-vis and single crystal X-ray analyses, he showed that DBX-1 is a 1:1 complex of copper(I) and 5-nitrotetrazolate. The analysis of structural and electronic properties can greatly facilitate the understanding of physico-chemical properties of DBX-1 as well as its analogue complexes. It is thus important to understand the nature of interaction between Cu(I) cation and 5-nitrotetrazolate (5-NTz) anion which helpful to understand the structural stability of DBX-1 and its decomposition mechanism. DBX-1 has two possible isomers, 1-substiuted tetrazole and 2-substituted tetrazoles. Using semi-empirical calculations, Schroeder & Henry 15 indicated that 1-substiuted tetrazole is more stable than 2-substituted tetrazole. Using B3LYP/aug-cc-pvTZ level, Klapotke 16 , et al. showed the vibrational frequencies of 5-nitrotetrazolate anion. However, to our knowledge, the detailed theoretical investigations of the interaction between Cu(I) with 5-NTz anion is not available in the literature.
The above discussion indicates that a closer look on the energetic of gas phase (1:1) Cu(I)-5-NTz complex are certainly warranted. In this paper, we have therefore studied (1:1) Cu(I)-5-NTz complex using computational calculations. We have performed ab initio computations on the structures and energies for the various isomers of Cu(I)-5-NTz complex, at the HF, B3LYP and MP2 levels using 6-31G**, 6-311G**, 6-311++G** and LanL2DZ basis sets. To understand the interactions of complexes, natural bond orbital analysis is also done using B3LYP/LanL2DZ level. The computed the energy barrier for the conversion between the isomer is also estimated using B3LYP/LanL2DZ level.
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carried out in DRDO-High Energy Materials Laboratory, Pune. To ascertain the trends in the energetics, the HF, B3LYP and MP2 levels were performed at different basis sets. Geometry optimisations were done both at the HF, B3LYP and MP2 level with analytical gradients, using 6-31G**, 6-311G**, 6-311++G** and LanL2DZ basis sets, to obtain minima corresponding to the various isomers. The methodology adopted to drive the computational parameters of various Cu(I)-5-NTz isomers was generally followed as reported 18 . Structure for 5-nitrotetrazolate (5-NTz) anion was first optimised at the particular level of theory; then this optimised structure was used to optimise the structure of the Cu(I)-5-NTz complex, at the same level of theory. All geometric parameters were allowed to be optimised, and no constraints were imposed on the molecular geometry during the optimisation process. The B3LYP/LanL2DZ level has been taken for further structural, natural bond orbital, charge and vibrational frequencies analyses. To compute the binding energy of the complex formation (∆E) is given by ∆E = E AB -E A -E B where E A , E B and E AB represent the computed energies for A, B and AB, respectively.
If the value of ∆E is negative, the complex is more stable relative to the precursors. The binding energies of the complexes were corrected separately, for both zero-point energy (ZPE) and basis set superposition error (BSSE) using the counterpoise correction scheme outlined by Boys and Bernardi 19 . Vibrational frequencies were calculated for the optimised geometries to enable us to characterize the nature of the stationary points and ZPE corrections. Frequency calculations were done on the optimised structures of the complexes to ensure minima or saddle point. For anharmonicity correction, the ZPE values were scaled in HF, B3LYP and MP2 calculations. To arrive at the scaling factor, we chose the experimental NO 2 asymmetric stretching mode of DBX-1 (i.e. 1556 cm -1 ) 13 and correlated it with that strongest computed feature of 5-nitrotetrazolate anion in this region. The factor that would bring this computed frequency in agreement with the experimental feature was then calculated and used to scale the ZPE values. The ZPEs after due scaling, were used to calculate the ZPE corrected relative energies for the different isomers. Natural bond orbital (NBO) analysis 20 on the optimised geometries of complexes was carried out to understand the nature of the interactions. To understand the nature of the interactions, Atoms-in-molecules (AIM) analysis [21] [22] [23] was carried out on the optimised geometries of complexes. We also computed the transition state structure corresponding to the first order saddle point connecting two isomers. A frequency calculation on transition state structure was done to confirm that this was a first order saddle point and also to obtain the zero-point energy. To get the barrier for isomer interconversion, the energy of the transition structure together with its zero-point energy was used.
reSultS ANd dISCuSSIoN

optimised Geometries
The optimised structure of Cu(I)-5-NTz complex at the B3LYP/LanL2DZ level is as shown in Fig. 1 . Table 1 complex 1A is lengthened as compared with those of 5-NTz anion (Table 1) . On the other hand, the distances of N6-O7, and C2-N3 in complex 1A is shortened as compared with those of 5-NTz anion. Furthermore, Cu9 and oxygen atoms (O8 and O9) of nitro group of 1A complex are in plane with the tetrazole ring plane. In 1B and 1C complexes, Cu(I) ion interacts with the lone pairs of N4 atom and oxygen (O7 and O8) atoms of 5-NTz anion, respectively. The interatomic distance of Cu9-N4 in 1B complex is 1.878 Å, which is shorter than those in complex 1A. The interatomic distance of Cu9-O in 1C complex is 2.117 Å. The C-NO 2 bond distance of complex 1A (1.431 Å) is comparable to those of 5-NTz anion (1.433 Å), where it is lengthened in 1B (1.454 Å) complex and is shortened in 1C (1.352 Å) complex.
Natural Bond orbital and Charge Analyses
NBO analysis was carried out to describe the nature of the interaction. Table 2 gives the stabilisation energy E(2) for the three isomers of Cu(I)-5-NTz at the B3LYP/LanL2DZ level. In Cu(I)-5-NTz isomer, the higher stabilisation energy E(2) between donor and acceptor indicate the stronger Cu-X interaction. As seen from Table 2 , the presence of Cu-O interaction along with the Cu-N interaction is well confirmed in isomer 1A of Cu(I)-5-NTz complex. The analysis of complex 1B and 1C shows the Cu-N and Cu-O interactions, respectively. It indicates an important charge transfer between the lone pair of the nitrogen or oxygen atom and the empty lone air of the copper atom for the complexes studied. Further, the Cu-N interaction provides more stabilisation energy than Cu-O interaction. The decreasing order of the stabilisation energies is 1A > 1B > 1C complex (Table 2) , which indicates the complex 1A is the most stable one. This is due to the presence of Cu-N interaction in both 1A and 1B complex, where it is absence in 1C complex. Further, the presence of Cu-O interaction in addition with Cu-N interaction in 1A than those of 1B complex resulted an increase in the stabilisation energy of the complex. The strongest stabilisation energies for Cu-N and Cu-O interaction in complex 1A are 36.99 and 15.73 kcal/mol, respectively, at the B3LYP/LanL2DZ level of theory. Table 3 gives the natural population analysis charges on all the atoms in the complex, with the corresponding values in the uncomplexed 5-NTz anion in parenthesis. An examination of the charges on the different atoms of the complex clearly reveals large changes in charge density, when the complexes were formed between Cu(I) cation and 5-NTz anion. The magnitude of the partial charges at the N1 and O8 sites are markedly increased due to the polarisation caused by the Cu(I) cation in complex 1A, while at the N3, N4, N5 and O7 sites they are generally decreased. Analogous changes can also be found in the other positions of 5-NTz for complex 1B and 1C, when Cu(I) cation associates with them.
AIm Analysis
In AIM analyses, an interaction between two atoms is manifest through a line of maximum density linking the two nuclei, called an atomic interaction line. For an optimised geometry, the presence of (3, −1) bond critical point indicates a bonding interaction between the two nuclei. Based on the optimised geometry of Cu(I)-5-NTz complexes at the B3LYP/ LanL2DZ level, the electron density topography was analysed by using the AIM method. The critical points location of Cu-X (where X = N or O) interaction of Cu(I)-5-NTz complexes are given in Fig. 1 . Table 4 gives the Cu-X bond critical point properties of Cu(I)-5-NTz complexes. From Table 4 , it is evident that the Laplacian of charge density, ∇ 2 ρ and the ratio of eigen values, |λ 1 |/λ 3 is positive and less than one, respectively, at the intermolecular (3, -1) bond critical point between the complexes. It clearly indicates the presence of Cu-X interaction in Cu(I)-5-NTz complexes, 1A, 1B and 1C. As seen from Fig. 1 and Table 4 , the presence of Cu-O interaction along with the Cu-N interaction is well confirmed in isomer 1A of Cu(I)-5-NTz complex. This observation is supported by NBO analyses, which indicate a higher stabilisation energy in 1A is higher than those of 1B and 1C.
energy Analysis
The relative energies of the isomers at the HF, B3LYP and MP2 levels obtained using 6-31G**, 6-311G**, 6-311++G** and LanL2DZ basis sets are shown in Table 5 . At all levels of theory, 1A isomer is found to be the most stable one. It is at consistent with the report of Schroeder & Henry 15 , who indicated the 1A type isomer is the most stable one. Unsurprisingly, the relative energy value of the different isomers varied with the basis sets and the level of theory employed. At both HF and B3LYP levels, the next higher energy isomer corresponded to a 1B structure, followed by the 1C geometry. Interestingly, 1B isomer did not shown to be a minium at the MP2 level of theory. At MP2/6-311G** level of theory, 1C isomer did not show a minimum in addition with a 1B isomer. At the MP2/ LanL2DZ level of theory, the energy difference between the 1A and 1C was 17.65 kcal/mol, while that was 28.87 kcal/mol at the MP2/6-311++G** level. At the B3LYP/6-311++G** level, the energy difference between 1A and 1B is 5.89 kcal/ mol, while that between 1A and 1C is 23.74 kcal/mol. At the B3LYP/LanL2DZ level, the energy difference between 1A and 1B is 8.18 kcal/mol, while that between 1A and 1C is 22.76 kcal/mol. Table 5 gives the binding energies corrected for both ZPE and BSSE for the Cu(I)-5-NTz complexes at the HF, B3LYP and MP2 levels obtained using 6-31G**, 6-311G**, 6-311++G** and LanL2DZ basis sets. In general, the more stable the complex (lower relative energy) should be of better binding energy value. At all the levels and larger basis sets, it can be seen in Table 5 that complex 1A is more strongly bound than other complexes. The ZPE + BSSE corrected binding energy for 1A, 1B and 1C complex is -150.59, -143.18 and -129.02 kcal/mol, respectively, at the B3LYP/LanL2DZ level of theory. The ZPE + BSSE corrected binding energy for 1A and 1C complex is -16.57 and -120.80 kcal/mol, respectively, at the MP2/LanL2DZ level of theory. In Cu(I)-5-NTz complexes, the Cu-N interaction was found stronger than Cu-O one. Therefore, the stabilisation energies of the 1A and 1B complexes are higher than those of 1C. Further, the presence of one more Cu-O interaction in addition with Cu-N interaction in 1A enhances the stability and it results in the stronger complex. At the B3LYP/LanL2DZ level, the calculated dipole moment of 1A, 1B and 1C isomer of Cu(I)-5-NTz complex is 7.54, 10.75 and 11.19 D, respectively. The lowest energy isomer has the lowest dipole moment.
transition States
We also performed the computational estimate for barrier to 1A ↔ 1B and 1B ↔ 1C isomer conversion in Cu(I)-5-NTz complex. The transition state structures were found between the relevant minima at the B3LYP/LanL2DZ level. Frequency calculation was done on the transition state structure to confirm that the structure corresponded to the first-order saddle point and also to obtain zero-point energy. The value of the single imaginary frequency for transition states corresponding to the 1A ↔ 1B and 1B Table 1 and the structure shown in Fig. 2 . Table 6 gives the energy of the three minima, 1A, 1B, 1C, tS1, and tS2 at the B3LYP/ LanL2DZ level. After correcting for the zero-point energy, the calculated barrier for the 1B → 1A and 1C → 1B is to be 7.80 kcal/mol and 9.40 kcal/mol, respectively. 
CoNCluSIoNS
The (1:1) complexes of copper(I) with 5-nitrotetrazolate anion (5-NTz) were studied using different basis sets, at the HF, B3LYP, and MP2 levels of theory. Three minima were found corresponding to the 1A, 1B and 1C structures of Cu(I)-5-NTz complexes at the B3LYP/LanL2DZ level. At the B3LYP/ LanL2DZ level, the energy difference between 1A and 1B is 8.18 kcal/mol, while that between 1A and 1C is 22.76 kcal/ mol. Using both natural bond orbital and atoms-in-molecules analyses, the global minimum 1A type structure revealed to the presence of both Cu-N and Cu-O interactions. Complex 1B and 1C shows the presence of Cu-N and Cu-O interactions, respectively. The Cu-N interaction provides more stabilisation energy than Cu-O interaction. The strongest stabilisation energies for Cu-N and Cu-O interaction in complex 1A are 36.99 kcal/mol and 15.73 kcal/mol, respectively, at the B3LYP/ LanL2DZ level of theory. The value of ZPE + BSSE corrected binding energy for 1A is found to be -150.59 kcal/mol at the B3LYP/LanL2DZ level. The barrier for the 1B → 1A and 1C → 1B conversion is calculated to be 7.80 kcal/mol and 9.40 kcal/mol, respectively.
